[1] The sulfur transport and deposition model (STEM) is used to study the aerosol seasonality, distribution, and composition over south Asia from September 2004 to August 2005. Model predictions of sulfate, black carbon, primary organic carbon, other anthropogenic particulate matter, windblown mineral dusts, and sea salt are compared at two sites in south Asia where yearlong experimental observations are available from the Atmospheric Brown Cloud (ABC) project. The model predictions are able to capture both the magnitude and seasonality of aerosols over Hanimaadhoo Observatory, Maldives. However, the model is not able to explain the seasonality at the Kathmandu Observatory; but the model does capture Kathmandu's observed annual mean concentration. The absence of seasonal brick kiln emissions within Kathmandu valley in the current inventory is a probable reason for this problem. This model study reveals high-anthropogenic aerosol loading over the Ganges valley even in the monsoonal months, which needs to be corroborated by experimental observations. Modeling results also show a high dust loading over south Asia with a distinct seasonality. Model results of aerosol monthly composition are also presented at five cities in south Asia. Total and fine-mode monthly aerosol optical depth along with contribution from each aerosol species is presented; the results show that the anthropogenic fraction dominates in the postmonsoon and the early dry season with major contributions from sulfate and absorbing aerosols. Model sensitivity studies of dry deposition velocity and wet scavenging efficiency show that model improvements are needed in the treatment of carbonaceous aerosol dry and wet removal processes. Modeled SO 2 conversion rate constrained with sulfate observations at Hanimaadhoo suggests the need to increase model sulfate production rate during the dry season to account for probable sulfate production via heterogeneous pathways.
Introduction
[2] Aerosols absorb and reflect solar radiation reaching the Earth's surface; hence they play an important role in the radiation budget of the Earth. Variations in the radiation budget can lead to perturbations on the hydrological cycle [Ramanathan et al., 2005 [Ramanathan et al., , 2001a and the photosynthesis rate of plants [Chameides et al., 1999] . Furthermore, positive correlations have been established by epidemiologists between ambient aerosol concentration and human health endpoints [Pope et al., 2002 [Pope et al., , 2006 .
[3] Aerosol characterization studies over south Asia are rather recent. The Indian Ocean Experiment (INDOEX) studied aerosol characteristics over south Asia [Ramanathan et al., 2001b] . INDOEX documented the existence of haze over the Indian subcontinent and quantified the impact on the solar radiation budget over the region. After the INDOEX intensive field campaign, there has been substantial experimental research to characterize aerosol over the Indian subcontinent [Carrico et al., 2003; Moorthy et al., 2005; Rastogi and Sarin, 2005; Sumanth et al., 2004] . These experimental studies point out high aerosol loadings over both rural and urban sites with significantly different local aerosol characteristics.
[4] Carrico et al. [2003] observed high carbonaceous and dust aerosol loading at two remote Himalayan sites; they explain their dust observations on the basis of long-range transport, possibly as far as from the Saharan deserts. Moorthy et al. [2005] analyzed near-surface aerosol characteristics over peninsular India during February -March 2004 . Their results show significantly higher aerosol loading along the coastal and near-urban locations versus the semiarid interior continental regions. Moorthy et al. [2005] also show that fine-mode aerosol contribute more than 50% of the total aerosol mass in the coastal regions, while the interior regions showed abundance of coarse-mode particles. Babu et al. [2002] observed high contribution of black carbon (BC) aerosol mass to the total aerosol mass at Bangalore (an urban location) which was significantly higher than that reported during the INDOEX campaign, while Sumanth et al. [2004] observed significantly lower contribution of BC mass to total aerosol mass over the Bay of Bengal when compared to the INDOEX findings. Recent studies have also debated the sources of carbonaceous aerosol over the Indian subcontinent: fossil fuels [MayolBracero et al., 2002; Novakov et al., 2000] versus biofuels [Parashar et al., 2005; Venkataraman et al., 2005] .
[5] To further characterize the nature of south Asian aerosols and their impacts on the environment, the United Nations Environmental Program (UNEP) and the Center for Clouds, Chemistry and Climate (C 4 ) launched an international project called the Atmospheric Brown Cloud (ABC) project [UNEP and C 4 , 2002] . The project has set up longterm experimental observatories throughout south Asia and recently completed two intensive field campaigns. The first campaign, ABC -Postmonsoon Experiment (ABC-APMEX), was conducted over the Maldives in OctoberNovember 2004. During the ABC-APMEX study period the winds change direction from southwesterly to north and northeasterly in transition to the winter monsoon, bringing pollution from the Indian subcontinent and Southeast Asia to the Indian Ocean and Arabian Sea. Through these activities, aerosol observations are available for a full year. This provides a good opportunity to examine the anthropogenic aerosol loading in the atmosphere over this region.
[6] One component of the ABC project is to apply, evaluate, and improve the capacity of chemical transport models (CTMs) to predict aerosol distributions in Asia. In the past several years, global [Chung and Seinfeld, 2002; Koch, 2001; Liousse et al., 1996; Penner et al., 1993; and regional [Minvielle et al., 2004a [Minvielle et al., , 2004b Uno et al., 2003a; Zhang, 2004] models have studied the effects of major anthropogenic aerosols in the Asian atmosphere. However, global models do not have the finer grid resolution required to study the aerosol effect on a regional scale, and past regional models have been run only for short intensive field campaigns, hence limiting the study of seasonal variation. In support of the ABC-APMEX we provided real-time forecasts of aerosol and trace gases using the STEM model in aid of flight planning as well as understanding and analysis of the experimental observations. This model has been extensively applied and evaluated in the east Asian applications [Carmichael et al., 2003; Guttikunda et al., 2005; Tang et al., 2004] . This represents the first evaluation of the STEM model to south Asian application.
[7] In this paper we have applied this model to study the seasonal variation in aerosol composition in south Asia. We evaluate the model by comparing the model predictions to observations of aerosol composition at two ABC sites, Hanimaadhoo Climate Observatory (HCO), Maldives, and Kathmandu Observatory (KTM), from September 2004 to August 2005. The STEM model is then used to elucidate the seasonality and spatial distribution of the major south Asian aerosols, namely black carbon (BC), organic carbon (OC), sulfate, dust, and sea salt. We then characterize and discuss the seasonal cycle of aerosol composition at various sites throughout south Asia.
Model Overview

STEM Model
[8] Aerosol distributions in south Asia were simulated using the sulfur transport and deposition model (STEM). The STEM model has been successfully used for aerosol characterization studies in Asia. For example, the model was used to analyze BC and sulfate aerosol distributions during the TRACE-P intensive field phase [Carmichael et al., 2003 ]. The STEM model was also used to study the impact of dust on regional chemistry during the Ace-Asia experiment [Tang et al., 2004] . The STEM modeling domain size, horizontal and vertical resolution and the map projection is the same as that of the MM5 modeling domain which is discussed in section 2.2.
[9] For this study the STEM model used fixed top and lateral boundary conditions, the details of which have been discussed previously [Carmichael et al., 2003] . It has been shown that a regional model coupled with top and lateral boundary conditions from a global model greatly enhances model skill Tang et al., 2007 . However, since no global model forecasts were available for this study, the boundary conditions were set to a typical clean marine environment over the oceans and clean rural environment over land [Uno et al., 2003b] .
[10] Both hydrophobic and hydrophilic BC and OC are analyzed with an initial 80/20 percent split (for BC) and 50/50 percent split (for OC), respectively, as reported in previous modeling studies [Chung and Seinfeld, 2002; . Both BC and OC are allowed to age and are converted to hydrophilic tracers with a fixed aging rate of 7.1E-6 s À1 as previously reported in the literature [Cooke and Wilson, 1996] . Sulfate is calculated using SO 2 conversion parameterization used during analysis of the ACE-Asia experiment with rates between 1 and 10% per h [Uno et al., 2003b] .
[11] The dry deposition scheme for aerosols is based on the resistance in series parameterization work of Walcek et al. [1986] originally developed by Wesley and Hicks [2000] in 1977, and the values vary with land cover and meteorological conditions. The majority of studies on dry deposition have been conducted on sulfate aerosols; however, there are also some limited studies on carbon deposition. Cadle and Dasch [1988] [Grell et al., 1995] was used to generate meteorological conditions for driving the aerosol transport model. For this study a single MM5 domain with a horizontal resolution of 50 km by 50 km was used. Geographically, the domain centers at 90°E and 18°N and covers 40°E to 140°E and 21°S to 50°N with 219 by 179 grid cells. The model has 23 vertical layers with a model top at about 14 km. Figure 1a illustrates the modeling domain and the analysis domain. The simulation used a similar set of physics parameterizations tested by Leung et al. [2003] and Qian and Leung [2007] for the United States and east Asia.
[13] The MM5 model was driven by the large-scale conditions from the NCEP/NCAR global reanalysis and run from 1 September 1998 to 30 November 2005. Only the period from 1 August 2004 to 31 August 2005 that covers both ABC field campaigns is used in this study to analyze the seasonal distribution. Since the model domain is relatively large, the lateral boundary conditions do not sufficiently constrain the atmospheric circulation in the regional simulation for aerosol transport modeling over a long time period. Therefore data assimilation was applied using simple nudging to constrain the atmospheric circulation (including temperature and winds) by the large-scale conditions supplied by the NCEP/NCAR global reanalysis throughout the model domain (above the simulated atmospheric boundary layer) and simulation period. The transition from the southwest summer monsoon to the northeast winter monsoon circulation is well captured during the ABC-APMEX. This is important for simulating aerosols over the Arabian Sea and the Indian Ocean that originate from the Indian subcontinent during the dry season. At 50 km spatial resolution the regional simulation provides a better description of orography (such as the western Ghats and land-sea contrast) and its impact on winds and precipitation compared to the global reanalysis. This is supported by comparisons of the observed and simulated spatial distribution and diurnal timing of rainfall averaged over the 7-a simulation period (not shown).
Emissions Inventory
[14] The fossil fuel emissions of SO 2 , BC, OC, other PM 2.5 , and other PM 10 (i.e., those non-BC, non-OC primary particulate emissions, e.g., those from construction) used in the analysis are those from the inventory developed for the TRACE-P and ACE-Asia campaigns [Streets et al., 2003] . The emissions inventory from Streets et al. [2003] was developed for the year 2000 and is gridded at a spatial resolution of 30 s Â 30 s using exact locations of large point sources and GIS distribution of urban/rural population and transportation network. The domain stretches from Indonesia in the south to Mongolia in the north and from Pakistan in the west to Japan in the east. Since the model domain for this study is bigger than the TRACE-P domain, the Emission Database for Global Atmospheric Research (EDGAR) was used for the rest of the domain [Olivier and Berdowski, 2001] . The biomass burning emissions inventory for BC and OC was taken from ] climatological (1997 global estimates. Table 1 provides the summary of anthropogenic (fossil plus biofuel) emissions of SO 2 , BC, and OC for the south Asian countries. Table 2 presents average monthly BC and OC biomass emissions for the south Asian region from 0 to 40°N and 55-100°E.
[15] Figure 1b shows the spatial distribution of SO 2 emissions for the study domain. The emissions of SO 2 in the Indian subcontinent are high in north India along the Ganges plain, which extends to east India around the Kolkata region; Figure 1b also shows high point source emissions coming mainly from large power plants and industries which are scattered all over India. BC and OC also show similar spatial emission distributions (not shown). During the biomass burning seasons of March and April, BC and OC emissions (not shown) are mainly from the Indian states of Maharashtra, Andhra Pradesh, Karnataka, and Tamil Nadu. The emissions inventory used in this study (not shown) illustrates that the total BC/OC ratios over south Asia are rather uniform spatially and vary seasonally only with the contribution from biomass burning. Quantitatively, the BC/OC ratios are between 0.2-0.3 over the Indian subcontinent with higher ratios along the western coast of India and Pakistan versus the interior and the eastern coastline. The ratio varies from 0.1-1 over China and the Pacific where more regional variations are observed.
[16] Sea salt emissions were calculated online on the basis of the parameterization of Gong [2003] . Sea salt emissions are calculated for four size bins from 0.1 mm to 10 mm; however, during aerosol transport the size distribution is reduced to fine and coarse mode with fine mode being less than 2.5 mm and coarse mode being less than 10 mm but greater than 2.5 mm. Dust emissions were calculated online on the basis of the method discussed by Tang et al. [2004] . Dust emission, transport, and deposition are modeled using two size bins: submicron (diameter < 1 mm) and supermicron (1 mm < diameter < 10 mm).
Results and Discussion
[17] To investigate the seasonal cycle of aerosols in south Asia, the STEM model was run for 12 months from September 2004 to August 2005. This period covers the observations at Hanimaadhoo Climate Observatory (HCO) and Kathmandu Station (KTM). Experimental observations of aerosols and methodologies are explained in detail in the accompanying articles Stone et al., 2007] . The model was allowed to spin up for the month of August 2004, and then comparisons with observations were made from September 2004 onward. The STEM model predictions for BC, OC, sulfate, windblown dust and sea salts, other PM 2.5 , and other PM 10 were analyzed. We first compare the seasonal variations in observations and predicted aerosol composition at HCO and KTM sites. We then discuss the major factors controlling the seasonal cycle and then extend the analysis to the south Asian region as a whole.
Seasonality of Aerosols at the Hanimaadhoo Observatory
[18] Figure 2 illustrates the temporal distribution of observed and modeled (fine-mode, nominally 2.5 mm) sulfate, BC, and OC. The anthropogenic aerosol loadings over HCO in this study show a distinct seasonality. For the discussions that follow we classify the seasonal cycle into three periods: the postmonsoon (October -November); the dry (December -April); and the monsoon (June -September) [Ramana and Ramanathan, 2006] . As shown in Figure 2 , the aerosol concentrations are at a minimum in the monsoon period, rise rapidly and reach a maximum during the postmonsoon period, and they remain elevated, but slowly decline in strength during the dry period. The monsoonal months show a minimum anthropogenic aerosol loading.
[19] Quantitatively, Figure [20] The model-predicted values are also shown in Figure 2a . The model predictions capture the general features of the seasonal cycle and do a good job in predicting the peak values and the background levels. However, sulfate levels are systematically underpredicted during the dry season. This underprediction could be due to a systematic underprediction in the SO 2 emissions or due to underprediction of sulfate production rates. Shown in Figure  2a is the maximum model-predicted potential sulfate, a term which is defined as the calculated SO 4 plus the available SO 2 that can be further converted to SO 4 . This quantity represents an upper estimate of sulfate produced from the assumed sulfate emissions. The potential sulfate values are found to better match the observations, with a tendency toward overprediction. This suggests that the emissions are not underestimated and that the conversion rate of SO 2 to sulfate in the current model simulations after the postmonsoon season may be too low. This implies that sulfate production needs to be reexamined for the tropical Indian 
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ADHIKARY ET AL.: SOUTH ASIAN AEROSOLS subcontinent region, where abundant aerosol surface area is available for heterogeneous surface reactions, which may not be adequately represented in the current parameterization. Since there are no gaseous measurement of SO 2 available at HCO, SO 2 conversion rates could not be further constrained by observations.
[21] The comparison of observed BC (red squares) and modeled BC is shown in Figure 2b , and a similar comparison of OC is shown in Figure 2c . PM 1.0 mm size BC and OC measurements are available from September to October, and these are also shown in Figures 2b and 2c. The seasonal cycles of BC and OC are similar to those for sulfate. BC and OC show observed maximum values of approximately 1.1 and 4.5 mg/m 3 , with background levels of approximately 0.1 and 0.4 mg/m 3 , respectively. The model underpredicts observed BC and OC concentrations during the month of September. The observations show a rise in aerosol concentration from the middle of November while the model shows the rise from the end of October. The model is able to capture the peak concentration for BC and sulfate during November but underestimates the observed peak OC concentrations at the end of December. The model predicts the low concentrations of OC for June and July but fails to predict the rise in August as shown by observations.
[22] A notable feature in all the comparison is that the arrival of elevated polluted air masses in the predictions is approximately 20 d earlier than that observed. This will be discussed in more detail in section 3.3. The elevated sulfate prediction during the monsoon and the postmonsoon season over KTM is explained by the dry model bias in predicting rainfall, which is discussed later in section 3.3.
Seasonality of Aerosols at the Kathmandu
[24] Figures 3b -3c illustrate the observed and modeled BC and OC over KTM. Observations of BC and OC do show a distinct seasonality over KTM site. Elevated levels of BC and OC are seen after the postmonsoonal months and the dry months extending up to May. The observations show higher BC and OC loading over the KTM site during the postdry transition than during the postmonsoon transition which is in contrast to the observations from the HCO site. Quantitatively, observations of BC at KTM show that BC concentrations are around 1.0 mg/m 3 from September until the middle of November when the concentrations rise and reach a value of $3.5 mg/m 
Seasonal Variation of Meteorological Conditions at HCO and KTM
[25] The seasonal variations in meteorological conditions play a large role in the seasonal aerosol cycles described in sections 3.1 and 3.2. A broad perspective to the seasonal transport patterns is seen in Figure 4 where the modelpredicted surface layer winds over south Asia for the months of November, April, and July are shown. November represents the postmonsoon period, April represents the postdry transition, and July is representative of the summer monsoon. Five-day back-trajectory analysis of surface wind vectors (50 m) assist in identifying the pollutant source region for these characteristic months in bringing air masses to these two locations as shown in Figure 5 . Here daily three-dimensional back-trajectories at HCO (Figure 5 , top) and KTM ( Figure 5 , bottom) for the months of late November (15-30 November), April (1 -15 April), and July (1 -15 July) are shown. These trajectories are calculated using the MM5 winds and are initiated at a height of 50 m. Figure 5 shows that different air mass source locations affect these two observation sites during the three different months.
[26] Studying the monthly wind vectors from September 2004 to August 2005 (not shown), the modeled surface winds are calm and variable in direction in the highly populated Indian states of Bihar, Uttar Pradesh, and in some months extending west up to New Delhi and east to Kolkata. The surface winds over Nepal are usually variable in direction and slightly higher in magnitude than Bihar and Uttar Pradesh. These low wind speeds with variable wind direction contribute to high aerosol loading throughout the year. The winds are easterly over much of south India and the Arabian Sea in the month of November; therefore the windblown dust concentrations are low over the entire south Asia during this month since the dust emission source area is mainly the Middle Eastern countries. March -April is a high biomass burning season for south Asia and southeastern Asia. Since the winds are westerly over much of Myanmar during this month, the affect of southeastern biomass burning on aerosol concentrations over south Asia is minimal. The months of June, July, and August are monsoonal months over much of south Asia with strong southerly flows from the Arabian Sea and the Bay of Bengal.
[27] The seasonal variation in observed and predicted wind direction and speed at HCO is shown in Figure 6 . This figure shows that October -November is a postmonsoonal transition period where the winds shift direction from westerly/southwesterly to easterly and northeasterly bringing polluted air mass from the Indian subcontinent and Southeast Asia. The 5-d back-trajectory of wind vectors from HCO shown in Figure 5a illustrates this postmonsoonal transition where the wind directions are variable and change rather abruptly. This helps explain the variability of the modeled BC and OC predictions at HCO during the postmonsoonal transition period depending upon which way the wind is blowing. Precise modeling of this transition remains a challenge for current meteorological models. For example, during the postmonsoon transition period (shown in Figure 6 ), the winds at HCO change direction from westerly/southwesterly to easterly and northeasterly. Then there is a gradual shift in the wind direction back to westerly [28] Monthly averaged model precipitation over south Asia is shown in Figures 4d-4f . Compared to the observed rainfall based on the Global Precipitation Climatology Project (GPCP) [Huffman et al., 2001] (not shown), the simulated rainfall amounts are realistic over the Indian subcontinent and the nearby oceans from November 2004 through April 2005 with a slight dry bias. The model predictions of precipitation during the monsoonal months also generally show a slight dry bias. In July 2005, however, the anomalous rainfall observed in northeastern India is underpredicted by the model by up to 50%. Although November is a dry period over much of the Indian subcontinent, the Indian Ocean does see a significant amount of rainfall. Aerosols arriving at HCO during this period are subjected to wet scavenging. Since the model does have a dry bias, the model predicts higher aerosol concentration at HCO during this transition month.
[29] The 5-d back-trajectories arriving at KTM show that the air masses that come to KTM in April are also subjected to wet removal along their transport from the continent and thus are subject to wet scavenging. The month of July shows heavy precipitation all over the Indian subcontinent and the Bay of Bengal. The aerosols simulated at KTM are likely affected by the dry bias in northeastern India, since the back-trajectories in Figure 5f indicate frequent passage of air masses over northeastern India before arriving at KTM.
[30] Aerosol removal processes for BC and OC play an important role in the seasonality of the aerosol distribution and are a significant source of uncertainty in model predictions [Bates et al., 2006] . The strong seasonality in precipitation patterns in south Asia introduces a strong seasonality in the wet removal of aerosols. Seasonal changes in wind speed impact the dry seasonal deposition of particles. To study the model sensitivity to these factors, additional simulations were performed. To study the sensitivity of the model to dry deposition, a simulation was conducted with the dry deposition velocity increased by a factor of 10. A second sensitivity study was carried out to examine the effect of the wet scavenging parameter for carbonaceous aerosol. As mentioned previously, BC and OC are modeled as hydrophobic and hydrophilic aerosols. Only the hydrophilic BC and OC aerosols are subject to wet scavenging by precipitation. Sensitivity simulations were performed with BC-OC precipitation scavenging efficiency the same as the removal efficiency of sulfate aerosol, and with removal efficiency equal to 10% of the sulfate aerosol removal efficiency.
[31] Analyzing the changes in model-calculated BC concentrations from these sensitivity simulations for HCO, it is observed that during the dry season (as expected), dry deposition velocity has a large impact on calculated concentrations of BC. These results are shown in Figure 7a . However, during the postmonsoonal transition period wet deposition plays an important role. The maximum percentage change in BC concentration is approximately 100% and 168% for changes in dry deposition velocity and wet scavenging efficiency at HCO. As discussed earlier, the predicted aerosol values are higher than observed during the postmonsoonal transition month of November. These results suggest that the removal processes may be too low in the model. This is an area that requires further study. Similar sensitivity results are found for KTM and are shown in Figure 7b . The maximum percentage change in BC concentration is approximately 63% and 65% for changes in dry deposition velocity and wet scavenging efficiency at KTM, respectively.
Emissions as a Contributor to the Seasonal Cycle
[32] The seasonal variation in emissions is another important factor that influences the seasonal cycle of aerosol distributions in south Asia. As discussed previously in section 3.4, open biomass burning has an important seasonal cycle that contributes to the seasonality of BC and OC loadings over south Asia. Other important sources also have emissions of SO 2 to be 4.32 G tons/a which is almost the same amount for the total annual area emission sources in the Trace-P inventory (4.02 G tons/a for that grid cell). Preliminary simulations for SO 2 using the kiln emission estimates show that the predicted SO 2 levels at the KTM site increase approximately by a factor of 3 -4. The kiln study did not provide any estimate of BC and OC emissions from the brick kilns. Reddy and Venkataraman [2002] report that the BC and OC emissions from coal combustion in the brick kilns in India are an order of magnitude higher than controlled combustion in the power plants and industries. Increases in BC and OC emissions during brick kiln operation in Kathmandu valley could probably explain higher peak loadings during the dry months. Five-day back-trajectory analysis, discussed previously, showed that the winds are westerly during the high-OC and high-BC periods and originate from the northwestern states of India. Therefore the seasonality of emissions from this region also needs to be examined in more detail.
[33] The comparison of the observations with the model predictions during this study period provide some insights into the quality of the emission estimates used in the analysis. The comparison of BC, sulfate, and OC values at HCO suggest that the regional emissions of these species (and precursors) are qualitatively correct. Valuable information regarding the emissions is also contained in the ratio of aerosol species. A comparison of BC to sulfate aerosol finemode ratios (based on concentration) observed and predicted at Kathmandu and HCO is shown in Figures 8b-8c . As shown, the ratios demonstrate a seasonal cycle that is also captured by the predictions (even for Kathmandu). These seasonal variations reflect the contributions from different source regions. The BC to SO 2 ratio for the emissions is also shown, and the high values over land reflect those regions with large emissions from biofuels and/or biomass open burning. The elevated values over the oceans reflect contributions from ship emissions. At HCO the BC to sulfate ratio increases as the air masses from south India reach the measurement site. At Kathmandu the ratio increases for periods when the flow is from the south and east and the ratio values do show seasonality. The observed BC to OC ratios reach maximum value at HCO during the high-aerosol periods with values $0.5. At Kathmandu the highest values are in September with values reaching $0.9; the ratios vary between 0.1 and 0.3 during the dry season. The model predictions (not shown) are able to reflect the variability of the BC to OC ratio at HCO, but show almost no variability at Kathmandu.
[34] Further insights into seasonal transport and source contributions to aerosol distributions can be derived by model simulation using regionally tagged CO tracers (as described by Uno et al. [2003b] ). The main purpose of a chemical tracer model is to identify major features with the outflow of pollutants from a defined geographic region. Therefore all initial conditions and inflow boundary conditions of CO are set to zero. Uno et al. [2003b] used this technique to help identify air masses from different sources during the Trace-P, ACE-Asia, and ITCT-2K2 field experiments. The results from this study illustrating the contribution of polluted air mass over HCO from India, Sri Lanka, and Southeast Asia (up to 110°E longitude) for the dry months starting 1 October 2004 to 1 February 2005 are shown in Figures 9a -9b for the surface layer and the 3500 m layer. The results show that at the surface layer the contribution is largest from south India, followed by north India and Southeast Asia. The contribution from Sri Lanka is less than 10%. However, the largest contribution to polluted air mass over HCO at the 3500 m layer is dominated by Southeast Asia. The wind vectors at this layer are higher in wind speed, and the directions are easterly compared to surface layer where the winds are northeasterly. The contributions from north India and Sri Lanka remain similar.
[35] Similar analysis was performed using biomass and fossil fuel (including biofuel) tracers. Model calculations at the surface show that the average contribution of biomass burning to total (fossil fuel + biomass) is $34% for the months of 1 October 2004 to 1 February 2005 with values ranging from 10-60%. At the elevated layer (3500 m) the contribution of biomass increases slightly with average being equal to $45%; the individual day values range from 15% to 75%.
[36] Finally, windblown dust is another source term with a pronounced seasonal cycle. South Asian dust show a distinct seasonality with peak loadings during the late dry period to early monsoon season. Dust emissions are very uncertain; they vary from model to model by a factor of 3 -5 [Bates et al., 2006; Uno et al., 2004] . In this study we applied a dust emission parameterization that we have used successfully for east Asia [Tang et al., 2004; Uno et al., 2004] . We found that our dust mass concentrations when compared to the ABC observations of PM 2.5 and PM 10 accurately captured the day to day variability but were too high. Thus we adjusted our dust calculation algorithm and decreased the dust emission coefficient by a fraction of 3.25 for applications over south Asia. Figures 10a and 10b show the comparison of fine-mode STEM-predicted PM 2.5 mass with PM 2.5 observations at HCO and KTM after adjusting the dust emissions. Figure 10a shows good agreement with total PM 2.5 observations at HCO, while the PM 2.5 predictions are still slightly higher over KTM. The PM 10 -predicted mass (not shown) also agrees well with observed PM 10 mass at HCO and captures the seasonality and magnitude, but in the dry months of November to March it underpredicts the observed PM 10 mass.
Aerosol Distribution and Composition Over South Asia
[37] Chemical transport models provide a means to place the ABC observations into a regional context. The predicted regional surface distributions of sulfate, BC, and OC over south Asia for the postmonsoon (November), postdry (April), and the monsoon (July) periods are presented in Figures 11a -11i . In general, much of south Asia has high concentrations of sulfate in the postmonsoon season, while during the postdry transition period the concentrations are reduced but with concentrations remaining elevated over the Ganges valley and Bangladesh. The summer monsoon cleans out southern India and the eastern part of the Ganges valley while pollution starts to build up over the northwestern part. The predictions show that despite heavy rainfall from the monsoon in July, the precipitation is not able to completely cleanse the environment over the Ganges valley. Although our model has a dry bias, experimental observation of aerosol optical depth at Kanpur (discussed in section 3.6) also corroborates this result. During the postdry transition, elevated BC and OC concentration over south India as seen in Figures 11e and 11h are due to biomass burning. Myanmar sees a stronger rise in BC and OC concentration because of biomass burning over the region during this time.
[38] During the postmonsoon period the outflow of aerosol from south Asia to the Indian Ocean and the Bay of Bengal is significant. Most areas of the Arabian Sea and the Bay of Bengal see elevated sulfate concentrations of more than 10 mg/m 3 , of 0.7 mg/m 3 of BC, and of 3 mg/m 3 of OC. During the postdry transition period the northernmost portion of the Bay of Bengal still experiences elevated levels of aerosols, while the aerosol levels over the Arabian Sea decline to background levels. During the monsoonal months the aerosol levels in the Arabian Sea are at background levels, while over the Bay of Bengal there are still elevated levels of aerosol. This is because monsoonal winds transport polluted air masses from south India into the Bay of Bengal. The wind flow is easier to visualize from the backtrajectory results at KTM presented earlier in Figure 5f .
[39] To further illustrate the seasonal variation of aerosols in south Asia, the predicted monthly averaged aerosol composition in model grid cells that contain five cites in south Asia were analyzed (see Figure 12) . The two cities KTM and HCO are chosen as we have observations to constrain the model, and they are also end points of the modeling domain with very different emissions and meteorological conditions. The three other cities, Kanpur (latitude 26.44°N, longitude 80.34°E), Pune (latitude 18.53°N, longitude 73.85°E), and Bangalore (latitude 12.96°N, longitude 77.58°E), were chosen such that they [40] The fine-mode aerosol concentration at these locations is presented in Figure 12 . While the sulfate, BC, OC, and other PM 2.5 have been discussed separately (see Figures 2 -3 and Figure 10 ), here we show the combined aerosol composition. Of particular importance is the contribution of anthropogenic aerosols to the fine mode. The postmonsoonal months and the early dry season show highanthropogenic aerosol loading, with significant amounts of other emitted PM 2.5 aerosol as well as sulfate. The postdry transition months of March -May see a decline in anthropogenic aerosols. The monsoonal months show that the fine-mode aerosol is mainly windblown dust.
[41] The seasonal cycle of fine-mode aerosol at KTM differs from the other sites. Furthermore the carbonaceous aerosols exceed sulfate aerosol levels throughout the year at KTM. At Kanpur, other emitted PM 2.5 aerosol is the dominant fine-mode aerosol throughout much of the year. Fine-mode dust is significant in the aerosol composition in the postdry transition and monsoonal months. The contribution of carbonaceous aerosol is as high as sulfate aerosol after the postmonsoon transition period. Although Kanpur is closer to KTM, it shows peak anthropogenic aerosol concentration in the postmonsoonal period and declining values thereafter (as seen over HCO). This pattern is unlike KTM where the peak anthropogenic aerosol distribution is seen in late monsoon with lowest anthropogenic aerosol concentration in the dry period.
[42] The fine-mode aerosol composition at Pune, shown in Figure 12d , illustrates a different aerosol monthly distribution and composition than the previously discussed three cities. Dust is dominant throughout the year except during the postmonsoon transition period where anthropogenic aerosols dominate. Fine-mode sea salt is also seen in the monsoonal months at Pune.
[43] At Bangalore the anthropogenic aerosols dominate the fine-mode aerosol composition from the postmonsoon up to the end of the dry period. The other (non-BC and non-OC) emitted PM 2.5 emissions dominate over sulfate, OC, and BC. The peak concentration is seen in November and gradually declines throughout the year. The fine-mode anthropogenic aerosol composition over Bangalore shows similar seasonality as HCO.
[44] The coarse-mode aerosols at these five sites are shown in Figure 13 . Windblown dust and anthropogenic other PM 10 dominate the coarse mode at all sites and all seasons. Significant amounts of coarse sea salts are seen only in June and July transported inland with the monsoon. The coarse-mode dust loading in south Asia increases significantly after the late dry season until the end of the monsoon season when the winds reverse direction. Figure 11 . Predicted surface level monthly average sulfate concentrations during (a) November, (b) April, and (c) July, average black carbon concentrations during (d) November, (e) April, and (f) July, and organic carbon concentration during (g) November, (h) April, and (i) July.
Aerosol Contribution to AOD
[45] The predicted three-dimensional aerosol distributions were used to predict aerosol optical depth (AOD). The AOD module of the STEM model calculates the aerosol optical depth using calculated aerosol concentration amount and aerosol species-specific extinction coefficient. The extinction coefficient parameters used in the calculations are reported in the paper by Penner et al. [2001] . In this section we focus on the spatial AOD distribution over south Asia and the city locations discussed in section 3.5. Since aerosol optical depth is the attenuation of solar radiation through the vertical column of the atmosphere, species contribution to AOD over south Asia differs from the surface aerosol composition. We first discuss the experimental AOD observations as further constraints for model predictions and then provide some insight into the species contribution to the total aerosol optical depth.
[46] Kanpur is the only AERONET site over south Asia that has at least a yearlong observation of aerosol optical depth during our simulation period. AERONET observations (Figure 14) of AOD over Kanpur show seasonality with high values in the postmonsoon and postdry transitions and low values in the middle of the dry season (February and March) . This is consistent with the STEM model-predicted surface aerosol mass loadings over Kanpur. Figure 14 compares the STEM model total AOD (at 550 nm) with the AERONET observations (500 nm). The calculated AOD captures the seasonal trend of the observed AOD over Kanpur. During the postmonsoon period and the early dry season the model underestimates the observed AOD (by $33%), but performs well during the other seasons. AERO-NET observation shows elevated aerosol optical depth during the monsoonal months of June, July, and August compared to the dry months of February and March. This observation confirms the model-predicted elevated aerosol loading over the Ganges valley during the monsoonal months.
[47] Figure 15a shows a comparison with the MICRO-TOPS AOD measured at HCO. The model results show good seasonal agreement with the observations from the dry period to mid-monsoon-season (mid-July). The overprediction of AOD afterward is due to an overprediction of dust. These results suggest that the model transports dust too far south, due in part to the MM5 precipitation bias discussed previously. Figure 15b shows the comparison of the Å ngstrom exponent, which is a qualitative indicator of aerosol size, along with the calculated PM 2.5 to PM 10 ratio. The synoptic variation in the predicted fine to coarse ratio is very consistent with that observed in the Å ngstrom exponent data. These results show that coarse-mode aerosols increased during the monsoon period. The results show the maximum contribution of the anthropogenic aerosol (fine mode) occurs until the end of April.
[48] The calculated species contribution to the AOD at Kanpur and HCO are shown in Figures 16a and 16b . The total fine-mode contribution to AOD is also shown. The results show that the fine-mode contribution to total AOD is greater than 83% in the postmonsoon and the dry season at all of the five cities. At Kanpur, sulfate, BC, and OC finemode anthropogenic aerosol dominate the AOD from late monsoon to early dry season (with sulfate the largest single contributor), after which the contributions of dust increase. The contribution of windblown dust is maximal in the late dry season (May and June). The annual average contribution of absorbing aerosol to anthropogenic aerosol AOD over Kanpur is 15% with values ranging from 13 to 18%. At HCO the annual average contribution of absorbing aerosol to anthropogenic aerosol AOD over HCO is 5.8% with values ranging from 3.8 to 8.4%.
[49] Results for the other cites are also presented. Figure 16c shows the monthly averaged aerosol contribution to total AOD over KTM. Again, fine-mode dust and sulfate are significant contributors to total calculated AOD. The AOD peaks in August with a value of 0.67. The dry months see a low aerosol optical depth, with the contributions from carbonaceous aerosol increasing in importance. It needs to be mentioned again that although the model overpredicts the total PM 2.5 mass at KTM, it misses the BC and OC peaks in the dry months; thus their contributions are underestimated. The modeled annual average contribution of absorbing aerosol to anthropogenic aerosol AOD over KTM is 16% with values ranging from 12 to 22%.
[50] At Pune, sulfate aerosol dominates the contribution to total AOD in the postmonsoon months. The lowest total AOD is shown for the dry months of December to March, where the AOD is dominated by anthropogenic aerosol and with the largest contributions from carbonaceous aerosols. This shift in anthropogenic aerosol composition reflects the impact of different source regions. Coarse-and fine-mode dust contribution to total AOD is highest in the late dry season. Coarse sea salt contribution to total AOD is high in the monsoonal months. The annual average contribution of absorbing aerosol to anthropogenic aerosol AOD over Pune is 13% with values ranging from 8 to 18%.
[51] Finally, the monthly averaged aerosol contribution to total AOD over Bangalore shows that AOD values peak at October, and the lowest values are found in February. The anthropogenic aerosols led by sulfate contribute significantly through the end of the dry season after which finemode dust contribution dominates. Unlike in Pune, the coarse-mode dust does not contribute significantly to AOD over Bangalore. During the monsoonal months the contribution of coarse sea salt and coarse dust contribution to AOD are similar. The annual average contribution of absorbing aerosol to anthropogenic aerosol AOD over HCO is 13% with values ranging from 9 to 19%.
[52] The annual average AOD, the contribution of anthropogenic aerosol to AOD, and the absorbing aerosol fraction over south Asia are shown in Figures 17a-17c . The STEM model results show anthropogenic AOD greater than 0.3 throughout the Ganges Valley with absorbing aerosols accounting for greater than 10% of the anthropogenic AOD throughout the Indian subcontinent. These values were used to quantify the ''Atmospheric Brown Cloud'' hotspots throughout the world using the GOCART chemical transport model and satellite based observations [Ramanathan et al., 2007] . The Ramanathan et al. study points out strong seasonal dependence of atmospheric brown clouds throughout the world with five regional hotspots: east Asia (eastern China, Thailand, Vietnam, and Cambodia), Indo-Gangetic plains (from Pakistan across India to Myanmar), the Indonesian region, the southern region of sub-Saharan Africa, and the Amazon basin in South America. This STEM model study focused on South Asia is consistent with the satellite data assimilated GOCART model study in predicting the Indo-Gangetic region as one of the brown cloud hotspots. The Ramanathan et al. study also identifies 13 megacities (out of 26 total megacities) of the world influenced by atmospheric brown clouds; the megacities identified in South Asia are New Delhi, Karachi, Mumbai, Kolkata, and Dhaka. Their study points out that megacities in developed nations such as Tokyo, New York, and London have annual AOD exceeding 0.2, and megacities in South America have the lowest annual AOD. The STEM model result in Figure 17a shows that average annual AOD for these south Asian megacities are greater than 0.4 and are consistent with the study of Ramanathan et al.
Uncertainties and Future Work
[53] Modeling results indicate that more work is needed to improve the aerosol and precursor emissions in this region. For Kathmandu the seasonality of Brick Kiln emissions needs to be further examined and included in Figure 14 . Model versus AERONET aerosol optical depth at Kanpur.
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ADHIKARY ET AL.: SOUTH ASIAN AEROSOLS the analysis. In addition, the assessment of the impact of these kiln emissions on the KTM observation site will require a finer resolution modeling analysis. There is also a keen need to update the emission estimates of aerosols and precursors to reflect the 2004/2005 period, as current emission estimates are based on base information reflective of the circa 2000. The study was completed using climatological biomass burning inventory with a horizontal resolution of 1 Â 1 degree; real-time emissions from biomass burning based on satellite fire counts on a finer grid resolution should improve model predictions. Much of this region is undergoing rapid economic growth with increases in energy use and emissions.
[54] However, emissions are not the only sources of uncertainty; sensitivity study with SO 2 conversion rates suggests that the model needs to reexamine the conversion rate during the dry period. Sensitivity studies on the dry deposition velocity of BC and wet scavenging efficiency for BC suggests that these model parameters need to be more thoroughly examined. Despite a higher-resolution meteorological modeling constrained by observations, the MM5 model needs improvement in predicting the precipitation amount.
[55] The chemical transport model is constrained only by observations at the surface, because of the lack of readily available vertical aerosol observation data for the study period. As south Asian aerosol vertical profile becomes available, it will reduce model uncertainties in future modeling studies. The study has constrained the emissions of dust using PM 2.5 and PM 10 observation from two sites. Observations of dust concentration from the interior south Asian continent would help in further constraining the dust emissions and modeling study. The model would be better constrained from more anthropogenic aerosol observations throughout south Asia.
Summary
[56] The STEM model has been used to study the seasonality, composition, and spatial distribution of major anthropogenic aerosols over south Asia. The modeling study was conducted at 50 km by 50 km resolution for 1 Figure 16 . Individual aerosol contribution to total aerosol optical depth (AOD) predicted by the sulfur transport deposition model (STEM) for (a) Kanpur, (b) HCO, (c) KTM, (d) Pune, and (e) Bangalore. a with three-hourly meteorological outputs from a regional simulation using MM5. Constrained by the NCEP/NCAR global reanalysis large-scale circulation using nudging, the regional simulation reproduced a realistic synoptic variability and seasonal distribution of winds and precipitation for modeling aerosol. However, the model has a dry bias for precipitation during the summer monsoon and postmonsoonal months.
[57] The aerosol model predictions are compared with yearlong data obtained from the Atmospheric Brown Cloud (ABC) project. The model is able to capture the magnitude and seasonality of sulfate, BC, and OC aerosols at the ABCHanimaadhoo observatory. The model captures the mean annual concentration over KTM but presently is not able to explain the high-aerosol peak in the dry months. The model is able to capture some of the seasonal trends and magnitude of AERONET AOD observations at Kanpur and AOD observations from the ABC project.
[58] The results show that the aerosol concentration over Hanimaadhoo is at its peak during the early dry season when winds are northerly and bring polluted air from south India. During these months the windblown dust and sea salt concentration are at a minimum, hence the percentage of anthropogenic aerosol composition is higher than 80 percent; this can be compared to wet monsoonal months when anthropogenic aerosol percentage is less than 20 percent. While the month of February still sees a significant amount of pollution over Maldives, the north Indian states see a minimum aerosol loading. The peak aerosol loading directly over the Ganges valley is seen in September while wider spatial spread is seen in the postmonsoonal transition period. The modeling results show that the Ganges valley experiences high-anthropogenic aerosol loading during the monsoon months, which is supported by AOD observations at Kanpur, but needs to be more thoroughly corroborated by future experimental campaigns.
[59] Comparison of predictions with observations also points out areas where model improvements are needed. For example, the sulfate comparison shows that the model consistently underpredicts the observations during the dry months, suggesting that the current sulfate production parameterization needs to be reevaluated for the south Asian region during the dry season.
[60] Finally, fine-mode AOD is shown to contribute significantly to total AOD during the postmonsoonal months (October -November) at most cities analyzed. Sulfate contribution to annual anthropogenic AOD is high at all the cities discussed along with greater than 10% contribution from absorbing aerosols. The late dry season (March -May) sees a substantial contribution of dust over all of south Asia.
[61] Emissions are a large source of uncertainty; the results support the need for improved emissions inventory. In addition to the brick kiln emissions in Kathmandu, open biomass burning is also a significant source of uncertainty.
[62] More experimental measurements of natural and anthropogenic aerosols such as sulfate, BC, OC, sea salt, and windblown dust along with measurements of trace gases such as ozone, SO 2 , and CO over the Indian subcontinent are necessary to constrain the model and improve our understanding of the south Asian aerosols. Vertical profiles of these aerosol and trace gases over south Asia will help further constrain the model. 
